The glyoxysomal enzymes isocitrate lyase and catalase have been isolated from etiolated cucumber (Cucumis satdvus) cotyledons. The enzymes co-purified through polyethyleneimine precipitation and (NH4)2SO4 precipitation, and were resolved by gel filtration on Sepharose 6B foUlowed by chromatography on diethylaminoethyl-cefulose (isocitrate lyase) or hydroxylapatite (catalase). Purity of the isolated enzymes was assessed by sodium dodecyl sulfate-polyacrylamide electrophoresis, isoelectric focusing, and immunoelectrophoresis. Antibodies raised to both enzymes in rabbits and in tumor-bearing mice were shown to be monospecific by immunoelectrophoresis against total homogenate protein. Isocitrate lyase and catalase represent about 0.56% and 0.1%, respectively, of total extractable cotyledonary protein. Both enzymes appear to be present in a single form. Molecular weights of the native enzymes and its subunits are 225,000 and 54,500 for catalase, and 325,000 and 63,500 for isocitrate lyase. The pH optimum for isocitrate lyase is about 6.75 in morpholinopropane sulfonic acid buffer, but varies significantly with buffer used. The Km for D-isocitrate is 39 micromolar. A double antibody technique (rabbit antiisocitrate lyase followed by 1251-labeled goat anti-rabbit immunoglobulin G) has been used to visualize isocitrate lyase subunit protein on sodium dodecyl sulfate-polyacrylamide with high specificity and sensitivity.
germination, glyoxylate cycle enzymes such as isocitrate lyase (threo-D-isocitrate glyoxylate lyase, EC 4.1.3.1) undergo a well characterized increase and subsequent decline in activity, with peak activity corresponding to the period of maximum fat metabolism (3, 4, 7, 16, 32, 35) . Much is already known about the developmental physiology of the glyoxylate cycle enzymes and the glyoxysomal compartment in which they are localized, but little is presently understood about the regulatory mechanisms which underlie their appearance and subcellular compartmentation in the germinating seed. The same could be said of catalase (H202:H202 oxidoreductase EC 1.11.1.6), another glyoxysomal CUCUMBER ISOCITRATE LYASE AND CATALASE contained 18 mi MOPS (pH 6.8), 6.3 mIM MgCl2, 0.9 mm EDTA, 1 .75 mm phenylhydrazine hydrochloride, 1.0 mi DTT, 13mM DL- isocitrate (preadjusted to pH 6.8) and 10 to 100 ,ul of enzyme in a final volume of 1.0 ml. The formation of glyoxylate phenylhydrazone was monitored as AA32nm (extinction coefficient: 1.7 x 104 M-1 cm-'). One unit of ICL activity is that amount of enzyme required to degrade I ,umol of threo-D.-isocitrate to glyoxylate and succinate per min at 30 C. For kinetic assays, the incubation mixture (14) contained 18 .4 mm MOPS (pH 6.8), 1.4 mm MgC12, 1 .62 mm phenylhydrazine hydrochloride, 1.1 mm DTT, variable concentrations (0.02-0.15 mM) of DL-isocitrate, and 10 to 20,Al of enzyme in a final volume of 2.5 ml.
Catalase was assayed by the method of Luck (24) . The assay contained 0.135 M K-phosphate (pH 7.2), 0.096% H202, 0.0125% Triton X-100, and 10 to 100yd of enzyme in a fmal volume of 3.0 ml. Control reactions without H202 were assayed simultaneously. The first order decomposition of H202 was monitored at 240 nm. One unit of catalase activity is that amount of enzyme required to degrade 50% of the H202 in 100 sec at 25 C. For both enzymes, specific activity is expressed as activity units per mg of protein.
The protein concentrations of column effluents were monitored photometrically at 280 nm using an LKB Uvicord II UV absorptiometer. Approximate protein concentrations were calculated from measured A260 and A230 values using the formula of Kalb and Bemlohr (17) . The protein assay of Lowry et al. (23) was used for more accurate determinations when needed, with BSA as the standard.
Isolation of ICL and Catalase. Cotyledons from 3-day darkgrown cucumber seedlings were harvested onto dry ice and stored at -80 C until needed. All subsequent operations were carried out at 0 to 5 C. A summary of the extraction and purification procedure is presented in Figure 1 . Each step was monitored by SDS-PAGE (20) This sample was then loaded onto a Sepharose 6B column (80 x 2.5 cm) and eluted with TEMD buffer. (In some experiments, partial enzyme separation was achieved by ion exchange on DEAE-Sephadex rather than gel filtration on Sepharose 6B.) The peak ICL fractions from the Sepharose 6B column were pooled and loaded onto a DEAE-cellulose column (1.9 x 17 cm) preequilibrated with TEMD buffer. The column was eluted with a linear gradient (0-0.2 M) of NaCl in TEMD buffer. The peak ICL fractions were pooled and used as the purified enzyme for both antibody production and enzyme characterization.
The peak catalase fractions from either Sepharose 6B or DEAESephadex were pooled and concentrated by precipitation with ammonium sulfate (50%o saturation). The resuspended pellet was dialyzed into 0.01 M K-phosphate (pH 7.85), containing I mrm MgCl2. The dialyzed sample was loaded onto a Bio-Gel HTP column (1 x 12 cm) and eluted with a linear gradient (0.01 -0.2 M) of K-phosphate (pH 7.85). The peak catalase fractions were pooled and used as the purified enzyme for both antibody production and enzyme characterization.
Enzyme Homogeneity and Characterization. Homogeneity of purified ICL was established by several methods, including: (a) electrophoresis on 7.5% and 15% SDS-polyacrylamide gels (20) ; (b) isoelectric focusing on urea-polyacrylamide gels (pH gradient: 3.5-8.5); (c) two-dimensional analysis with isoelectric focusing followed by SDS-PAGE (27) ; and (d) immunoelectrophoresis in agarose (2) . For catalase, homogeneity was determined by SDS-PAGE (20) and by immunoelectrophoresis in agarose (2) .
Molecular weights of native ICL and catalase were determined by gel filtration through Sephadex G-200 (1). Subunit mol wt were assessed by SDS-PAGE.
The pH optimum for ICL activity was determined using three different buffers: 10 mm K-phosphate, 20 mm MOPS, and 150 mM ethylene diamine-100 mm citric acid, each containing 1 mM MgC12 and 1 mm EDTA. The pH of the buffers was varied between 5 and 9. The pH of the assay solution was measured in the reaction mixture after the reaction had been monitored spectrophotometrically for 2 min. For catalase, the pH optimum was assumed to be 7.2 in K-phosphate (24 (Fig. 2) Figure 4 . Approximately 5% of the original enzyme activity was present in the catalase peak, but less than one-third of this (1.4% of the original activity) was recovered in the peak fraction. The fmal specific activity was 5229 units/mg, which represented a 1,025-fold purification.
Progress of Puriflcation. Purification of both ICL and catalase was monitored by electrophoresis on 15% SDS-polyacrylamide. Shown on the slab gel of Figure 5 is the protein composition of fractions at different stages of purification. aFor purification scheme, see Fig. 1 bPooled catalase fractions from Sepharose 6B (Fig. 2 . fractions S2 -60) cPooled catalase fractions from Bio-gel HIP (Fig. 4 , fractions 22 -26) dPeak catalase fraction from Bio-gel IITP (Fig. 4, (Fig. 1) were subjected to electrophoresis on 15% SDSpolyacrylamide slab gels, as described in the text. The direction of migration is downward toward the anode. Lanes contain: (l) S-1, (2) S-2, (3) P-3; pooled ICL fractions from (4) Sepharose 6B and (5) DEAE-cellulose; pooled catalase fractions from (6) DEAE-Sephadex and (7) hydroxylapatite. Mol wt are based on marker proteins run in flanking lanes (not shown).
(63,500) and catalase (54,500). The progress of catalase purification is illustrated by lanes 1, 2, 3, 6, and 7 of Figure 5 which correspond, respectively, to steps A, B, C, D', and F.
Criteria of Homogeneity. The homogeneity of isolated ICL and catalase was established by SDS-PAGE (Fig. 5) . The single subunit band in lane 5 attests to the homogeneity of ICL after DEAE- cellulose, while lane 7 illustrates the purity of catalase after separation from ICL or HTP. Both enzymes were determined by densitometric scanning of the gels to be at least 90% pure.
The results of isoelectric focusing in denaturing urea gels are presented in Figure 6 . The left gel illustrates the number of separable proteins present in a glyoxysomal preparation isolated by density gradient centrifugation of a 3-day cotyledonary homogenate, and the right gel shows pure ICL. A major protein is visible at approximately pH 5.1, with a minor, slightly more basic protein immediately below it. When purified ICL was subjected to two-dimensional analysis (isoelectric focusing followed by SDS-PAGE), a single protein was detected (gel not shown).
Immunoelectrophoresis was used to determine both the homogeneity ofthe purified enzymes and the specificity ofthe antiserum Plant Physiol. Vol raised against each. Antibody specificity is illustrated in Figure 7 , which shows a single precipitin line between total homogenate protein (both wells) and either anti-ICL (left trough) or anticatalase (right trough) antiserum. The center trough contained equal volumes of both antisera, giving rise to two distinct, nonoverlapping precipitin lines against total homogenate protein. Lack of detectable reaction against other cotyledonary proteins argues strongly for the monospecificity of the antiserum and in turn for the homogeneity of the antigens (the purified enzymes). Antigen homogeneity was confirmed by the presence of a single precipitin line between purified ICL and antiserum raised against total glyoxysomal protein (plate not shown).
Further evidence for the monospecificity of the rabbit anti-ICL antiserum is present in Figure 8 , in which a polyacrylamide gel of total cotyledonary homogenate (on left) has been "stained" for ICL by the double antibody technique of Burridge (6) . The single band in the autoradiograph (on right) attests to both the sensitivity of the technique and the specificity of the rabbit anti-ICL antiserum.
Enzyme Properties. Properties of ICL and catalase are summarized in Table III . ICL and catalase have native mol wt of 325,000 and 225,000, respectively, as determined by gel filtration through Sephadex G-200. On SDS-PAGE, ICL yielded a single band with a subunit mol wt of 63,500 and catalase ran as a single band at 54,500. Catalase appears to consist of four subunits each with a mol wt of 54,500. ICL appears from these data to consist of five similar subunits, though this seems unlikely in light of the tetrameric nature of the enzyme from other sources (14, 15, 18, 26) .
The dependence of ICL activity on pH is depicted in Figure 9 for both MOPS and ED/CA buffers. Noteworthy is the significant effect of buffer system upon the apparent pH optimum of the enzyme, as well as the 10-fold lower level of activity in ED/CA versus MOPS. The pH optimum of ICL activity was 7.7 in ED/CA, 6.75 in MOPS, and 7.0 in K-phosphate (data not shown). The substrate concentration was 13 mM DL-isocitrate in each assay; this is more than 300 times the Km and should therefore be saturating.
A double reciprocal plot for ICL is illustrated in Figure 10 . 3 -day cucumber cotyledons was subjected to slab gel electrophoresis on 15% SDS-acrylamide as described in Figure 5 . The gel strip on the left was stained with 0.1% Coomassie brilliant blue. On the right is an autoradiograph obtained by fLxing and overlaying an identical but unstained gel strip as described in the text. The dried gel was exposed to x-ray film for 10 hr. By electrophoresis on SDS-polyacrylamide DISCUSSION ICL and catalase from etiolated cucumber cotyledons are apparently quite similar in chemical and physical properties, since they co-purify through the initial steps of the isolation procedure (Polymin precipitation, ammonium sulfate precipitation; partial resolution on Sepharose 6B). It was in fact the persistent presence of catalase in early ICL preparations that caused us to expand our initial ICL purification efforts to include catalase also. Resolution of the two enzymes was eventually achieved by ion exchange on DEAE-cellulose (ICL) and fractionation on hydroxylapatite (catalase).
The final recovery of ICL was about 17% of initial homogenate activity. This compares favorably with the 14% recovery reported for flax seedlings (18) , the only other angiosperm source from which the enzyme has to date been isolated. Based on a final specific activity of 5.8 units/mg and an over-all purification of 180-fold, cucumber ICL represents about 0.56% of extractable (18, 19) . The mol wt of 325,000 determined for the native cucumber enzyme is substantially higher than most literature values, including 170,000 for Chlorella (15) , 222,000 for Pseudomonas (26) , 265,000 for Neurospora (14) , and 264,000 for flax (18) , although a mol wt of 480,000 has been reported for ICL from the vinegar eelworm, Turbatrix aceti (28) . The value of 325,000 appears reliable, since it was determined simultaneously with that for catalase, using an appropriate range of mol wt markers. Unless the enzyme displays anomalous hydrodynamic properties on Sephadex G-200, cucumber ICL does not seem to fit the literature pattern of a tetrameric enzyme (14, 15, 18, 26) .
The pH optimum for cucumber ICL varies significantly with the choice of buffer (7.7 in ED/CA, 7.0 in K-phosphate, 6.75 in MOPS). Neurospora crassa ICL was also initially reported by Johanson et al. (14) to have a pH optimum of 6.8 in MOPS. This has been corrected to 7.4 in a recent report from the same laboratory (29) , with the suggestion that the earlier estimate was in error due to nonsaturating substrate concentrations. This almost certainly does not apply to the pH optima determined here, since the concentration of ICL used in our assays (13 mm) was at least 300 times higher than the Km (0.039 mm). The pH optimum of 7.0 in K-phosphate is lower than the 7.5 reported for flax seedling ICL in the same buffer (18) . Cucumber ICL appears to differ from the Neurospora and the flax seedling enzymes with respect to both size and pH optimum.
No evidence was found for charge heterogeneity of cucumber ICL, as has been reported for ICL from flax seedlings (18) and from Candida tropicalis (34) . Cucumber ICL consistently elutes from DEAE-cellulose as a single symmetrical peak, at a much lower NaCl concentration (0.05 M) than that reported (18) for flax seedling ICL-I (0.142 M) or ICL-II (0.17 M). Catalase also appears to be present in a single form in etiolated cucumber cotyledons, since the enzyme elutes from hydroxylapatite as a single symmetrical peak and runs as a single polypeptide in SDS-polyacrylamide. In this respect, cucumber catalase resembles that of lentil leaves (31) but differs from the catalases of mustard seedlings (12), maize endosperm (30) , and wheat seedlings (33) , inasmuch as each of these sources reportedly contains multiple forms of the enzyme.
Antisera were raised against ICL and catalase in both rabbits and mice and were shown to be monospecific by immunoelectrophoresis against total homogenate protein. The use of mice as a source of immune ascitic fluid (11) makes it possible to raise antibody using a little as 10 ,g of antigen per mouse. With care, multiple withdrawals of ascitic fluid are possible, and 20 to 25 ml of cell-free immune fluid can be obtained per animal in this way.
The double antibody technique of Burridge (6) lends itself well to the autoradiographic visualization of ICL subunit protein in SDS-polyacrylamide gels. Detection of the denatured enzyme does not appear to be hampered by use of antiserum raised against native ICL. Detection is quite sensitive (less than 100 ng of ICL on the gel of Fig. 8 ) and highly specific, showing virtually none of the nonspecific interactions frequently encountered in immunoprecipitation. Because the second (goat) antiserum is directed against the immunoglobulin component of the first (rabbit) antiserum, it should be readily possible to extend the technique to other glyoxysomal enzymes for which antisera are available or can be prepared.
This work on the isolation and immunological detection of ICL and catalase complements recent reports of similar success with other glyoxysomal enzymes, including malate synthase (5, 19) and malate dehydrogenase (36) . Availability of purified enzymes and monospecific antibodies ought to facilitate greatly studies on enzyme regulation and glyoxysome biogenesis during germination.
